In the present study, 2-D numerical simulation of wind loads on low-rise buildings has been carried out. The simulation was carried out under FLUENT package environment in which full-scale Reynolds number, boundary layer and turbulence properties have been simulated. Wind loading effect numerically obtained on flat roof (TTU building) and pitched roof is compared with wind tunnel data. It was found that there is fair agreement between the numerical predictions and measurements for time-averaged wind loads on buildings. The computed pressure coefficients have been validated with wind tunnel TTU building model results on 1:100 scale within an average error of 20%. The effect of roof pitch for 10°, 20° & 30° on pressure coefficients for gable roof has also been investigated and the results were compared with the available wind tunnel results for 15°, 26° & 35° roof pitch. The present study shows that the numerical simulation of wind loads hold a great potential for extending codes of practice for wind loads.
Introduction
Building designers usually determine wind loads on buildings with reference to codes of practice, which in turn are usually based on measurements in boundary layer wind tunnels. Many cases are not treated in these codes, making wind-tunnel measurements necessary to determine the wind loads. However, few building designers have easy access to such tunnels. Wind-tunnel tests can further be laborious and expensive and it is impossible to simulate the full-scale Reynolds numbers (Re). It may also be difficult to simulate the atmospheric turbulence properties and boundary layer for complex terrains. Numerical prediction of wind loads offers certain advantages over the use of scale models in boundary layer wind tunnels. For example, any Reynolds number, turbulence and boundary layer profile can be simulated. It is also convenient to do parametric studies with a numerical procedure, as the boundary conditions can be changed with ease. Numerical simulations therefore hold great potential for extending codes of practice. The accuracy of predictions depends primarily on proper choice of boundary conditions, accuracy of discretization methods and most important of all, the proper choice of turbulence model. Many researchers have made significant contributions in the field of computational wind engineering in the past four decades. Mathews (1987) used computational methods to predict wind-generated pressure distributions around buildings. These pressure distributions were needed for the prediction of natural ventilation in the buildings. The accuracy of the predicted pressure distribution was found to be acceptable. Mathews and Mayer (1987) observed that the prediction of wind loads on greenhouses is essential to their safe design. Numerically predicted wind loads on a semicircular greenhouse were presented. Parametric studies of the influences of Reynolds number and terrain roughness on the wind induced pressure distribution around the greenhouse were also reported. The pressure distribution at high Reynolds numbers was compared with published full-scale measurements. Baskaran and Stathopoulos (1989) worked on computational evaluation of wind effects on buildings. A computer simulation of wind flow around a block-shaped building was attempted using 3-D turbulent flow conditions. The Control Volume Method was used for numerical discretization. The relevant comprehensive literature review on numerical prediction of wind loads based on RANS (Reynolds Average Navier Stokes) model, Large Eddy Simulation (LES) model and -model are available elsewhere (Zaheer, 2007) . Only a brief account on -model is described herein as it has been used in the present study.
k-ε Model:
Murakami (1990) did a numerical simulation of turbulent flow field around cubic model and applied k−ε model and LES. The time-dependent flow field was predicted by 3D Large Eddy Simulation and the results were illustrated using the techniques of animated graphics. Crosby et al. (1990) used a turbulent two-dimensional flow simulation program to investigate wind-induced pressure loads on buildings. A newly developed model for flow through porous media was incorporated to investigate the effect of windbreaks. The results were successfully compared with wind tunnel measurements. Stathopoulos and Baskaran (1990) addressed the numerical computation of 3-D wind flow conditions around a building. Differential equations were discretized into different form using the control volume method. They examined the current boundary treatment methodologies and proposed a new procedure for boundary treatment with two variables involved in the computation. For most of the cases in which the new method was employed, computed results agreed well with the measured wind-tunnel data. Stathopoulos and Saathoff (1991) carried out work to determine local pressure coefficients appropriate for the design of multi-span gabled (folded) roofs of low buildings. Murakami et al. (1992) did a numerical study on velocity-pressure field and wind forces for bluff bodies using three types of well-known turbulence models, namely k−ε Eddy Viscosity Model (k−ε EVM), Algebraic Stress Model (ASM) and Large Eddy Simulation (LES). Three-dimensional (3D), time-averaged flow fields around a cube within a surface boundary layer were predicted using these three turbulence models with similar boundary conditions. Stathopoulos and Zhou (1993) numerically predicted turbulent wind pressures on the surfaces of various buildings with sharp corners of right angles for different wind directions. The computer program developed for this purpose solved the time-averaged Navier-Stokes equations using the k-turbulence model for closure. Computed pressures were compared with experimentally obtained values for a stepped-roof building (L-shaped in cross-section). Good agreement was found for normal wind directions while differences existed in oblique wind cases. Sakamoto et al. (1993) analyzed unsteady velocity-pressure fields around an oscillating square prism by means of LES. The accuracy of the numerical results was assessed by comparing them with the experimental results. The results of LES showed a good agreement with the results of experiment, in terms of: (a) the phase angle between the displacement of the oscillating prism and the negative pressure acting on the side face, and (b) the correlation between pressures across the side face. Mochida et al. (1993) worked on numerical simulation of flow field around Texas Tech Building by Large Eddy Simulation. Velocity and pressure fields around the low-rise experimental building located at Texas Tech University were predicted. The distributions of mean and rms surface pressure coefficients predicted by LES were compared with those of field and wind tunnel measurements. The results of LES corresponded very well with the measured data. Murakami (1993) compared various turbulence models applied to a bluff body. Flow fields around bluff bodies, characterized by complex distributions of the strain-rate tensor, can be analyzed with various turbulence models. The shortcoming of the eddy viscosity modeling in the k-model was scrutinized in comparison with the results of ASM. The accuracy of the algebraic approximation adopted in ASM was examined using the numerical data given from LES. He then presented a new LES model with variable Smagorinsky constant.
Further, Rodi (1993) extended the work on simulation of turbulent flow past bluff bodies. The experiences gathered with various statistical turbulence models ranging from algebraic eddy-viscosity models to Reynolds-stress-equation models were summarized and discussed, and calculations of vortex-shedding flow past cylinders of various cross-sections were presented. These calculations were then confronted with large-eddy simulations whenever possible, and a comparative discussion on the various calculation methods was given. Richards and Hoxey (1993) carried out work to determine appropriate boundary conditions for computational wind engineering models using the k-ε turbulence model. Frank and Mauch (1993) used Large-eddy-simulation of the flow around building models. A numerical program package was described to calculate incompressible, unsteady, three-dimensional viscous and turbulent flow fields around sharp edged obstacles. Computation of wind flows around two tall buildings was done by Paterson and Papen fuss (1993) experimental results for wind flows around two tall buildings were compared with results from a computer simulation. The simulation used a steady-state solution method with a k-model of turbulence. In the measured flow, the vortices shed from each building had a strong influence on pressures on and around the other building. Their research examined the accuracy of steady-state solution methods in the prediction of mean pressures in such flows.
Analyses by CFD on unsteady flow fields past a two-dimensional (2D) square cylinder was reviewed by Murakami & Mochida (1995) . Firstly, the comparison of the results of large eddy simulation (LES) for 2D and 3D computations were described. The LES results given from 3D computation agreed very well with the experimental results, but the results based on 2D computation were different from those based on 3D computation as well as from those given from experiments. Investigation regarding the numerical evaluation of wind pressures on flat roofs by using the Reynolds averaged Navier-Stokes equations and the standard kturbulence model was presented by Stathopoulos and Zhou (1995) . A low and a taller building model were considered and wind blowing from different directions was assumed. Data were presented for roof edges and corners. Experimental measurements were also carried out in a boundary layer wind tunnel and results were compared with the computed data. Over most of the roof surface area, the comparisons were good for normal wind conditions and the low building model. Yu and Kareem (1996) worked on twodimensional simulation of flow around rectangular prisms. Frank (1996) performed numerical calculation for the turbulent flow fields at high Reynolds numbers by means of the LES. Kondo et al. (1997) studied inflow turbulence for LES, generated by the method of Hoshiya (1972) based on Monte Carlo simulation considering power spectral density and cross-spectral density as targets. Large eddy simulation of flow past a cubic obstacle was done by Shah and Ferziger (1997) . They focused on LES in which the large scales of motion were computed explicitly while the small or sub grid-scale motions were modeled. Tsuchiya et al. (1997) proposed a new k− model which resolves these problems by modifying the expression for eddy viscosity approximation. They examined the applicability of this new k− model (MMK model) to flow fields around three types of bluff bodies, i.e. a 2D square rib, a cube and a low-rise building model with 1: 1: 0.5 shape. Tominaga et al. (1997) predicted turbulent diffusion of gaseous contaminant near a cubic-shaped building model by LES using a Dynamic Mixed SGS (DM) model with the aid of the composite grid technique. Lakehal and Rodi (1997) calculated the flow past a surface-mounted cube with two-layer turbulence models. In 3-D steady calculation of the flow around a cube placed in developed-channel flow, various versions of the k-ε model were tested. Murakami et al (1997) worked on the CFD analysis of wind-structure interaction for oscillating square cylinders. They dealt with the interaction between fluid and body, i.e., the flow fields around oscillating square cylinders both in cases of forced oscillation and wind-induced free oscillation. Yu and Kareem (1998) performed a parametric study of flow around rectangular prisms using LES. The study on rectangular prisms of different aspect ratios (1: 1, 1: 1.5, 1: 2, 1: 3, and 1: 4) was conducted numerically at a Reynolds number of 10 5 . The Navier-Stokes equations in the LES framework were solved using a finite volume method. Computational fluid dynamics analysis of turbulent flow past a square cylinder was conducted using LES by Murakami et al (1999) . Nozawa and Tamura (2002) validated the LES technique for predicting a flow around an obstacle under the condition that a turbulent flow is approaching the obstacle. The turbulent inflow data were generated for both a smooth surface and rough surface. Ghosh (2004) reviewed the computational method used in solving wind engineering problems mainly related to wind flow over bluff bodies. Air approach flow moving towards a cube was studied using computational fluid dynamics by Gao and Chow (2005) . Hoffman and Johnson (2006) presented a new approach to computational fluid dynamics using adaptive stabilized Galerkin finite element methods with duality based a posteriori error control for chosen output quantities of interest. Huang et al. (2007) did a comprehensive numerical study of wind effects on the Commonwealth Advisory Aeronautical Council (CAARC) standard tall building. The techniques of CFD, such as LES, RANS model etc., were adopted in this study to predict wind loads on and wind flows around the building.
Present study
In the present study, TTU building (13.7m x 9.1m in plan with 4.0m eave height flat roof) on 1: 100 scale model (Cocharan, 1992) and the gable roof (13.7m x 9.1m in plan with 4.0m eave height with roof slopes 108, 208 and 308) model have been chosen for numerical simulation for prediction of wind loads for normal angle of incidence. The software package FLUENT was used to analyze these building models. The data presented in the package is given in Table- 
Where, ρ is density, D/Dt is the substantial derivative, V is the velocity vector, P is the pressure and µ is the effective viscosity. For the simulation of turbulence in the flow, the κ-ε turbulence viscosity model is employed. Values for κ (turbulence kinetic energy) and ε (dissipation rate of turbulence) were calculated from elliptical partial differential equations. The power law was used to simulate the inflow u-velocity profile of the atmospheric boundary layer. Inflow values of v-velocities are set to zero while the inflow turbulence intensities I(y) at height y are simulated by the following empirical equation: I(y) = (6.7k s )
Where, k s is a surface roughness parameter which is a measure of the surface friction coefficient of the terrain. The mean horizontal wind speed u ref is measured at ridge height while u(y) is the mean horizontal wind speed distribution as a function of height y, the turbulence intensity distribution can be stimulated at inflow by specifying appropriate values for k(y). At inflow, the turbulence length scale L(y) at height y is given by the following equation: L(y) = 151(y/10) α (4) At outflow, a zero gradient is used for all the variables. Both normal and tangential velocity values are set to zero at solid boundaries. The boundary conditions for turbulence properties near solid walls are described by certain wall functions. At free stream boundaries, flow is prohibited from crossing the boundaries, while a zero normal gradient is imposed on u-velocities and pressures.
In the present study, orthogonal grid systems on the buildings have been used for the solution of the governing finite difference equations. A flow domain having boundary at the distance of 20m from inlet wall and 200m from the top and rear walls is used in the solution for the TTU and gable roof buildings, have been shown respectively in Figs 2& 4. The summary of the data required for computation through FLUENT is provided in Table- Figure 2 The Generated magnified Grid for Flat Roof The Generated Streamlines for Gable Roof Corner and Ridge
Results and Discussions

TTU building
The pressure coefficients obtained in the present study for the TTU building model have been compared with the pressure coefficients obtained by Cochran (1992) in a wind tunnel testing on TTU building model on a geometric scale of 1:100. The three faces of the building are termed as front wall, roof, and rear wall. A graphical comparison has been made between the pressure coefficients on the edge of all these faces throughout its length.
The pressure coefficients follow a similar trend with the Cocharan results at the front wall, roof and rear wall which have been shown in Figures 7 , 8 with an average variation of 20%, 10% and 35% respectively. The Reynold's number in the present study is same as prototype, whereas it is less in wind tunnel simulation, that's why the error at corner point of the bluff body is more. Also, in the past Tieleman (1996) pointed out that the magnitude of the fluctuating pressure coefficients (C p rms and C p peak ) obtained from the wind tunnel simulation experiments exhibit invariably a great deal of scatter and generally underestimate the field results. Rofail (1995) made a comparative study between Wintech Boundary layer wind tunnel and full scale measurements, as well as model scale measurements at Colorado State University (CSU) and found that the peak rms pressure coefficients as predicted by Wintech were within 10 percent for the wall pressure data and within 4 percent for the roof pressures. For Peak negative pressure for corner tap, Wintech's results underestimate the full scale data by approximately 25 percent. This is a significant result improvement over the CSU results which underestimate the full scale data by approximately 50 percent for the same corner tap.
The deviation in the results at the corner points shows that there is lack of simulation of the flow at the corners. In the wind tunnel testing also the peak pressure coefficients at the corner point do not match with the TTU Field value. The difference in the values of pressure coefficients may be attributed to (i) for most accurate results 3D simulation is required. This requires super computer for its processing. Time required in one run is also too high, approximately 30 hours, which is not possible in the present study, (ii) the nature of flow is highly unpredictable due to large eddies and vortex formation at the edges and there is a large possibility of lack of simulation of flow in such a case. The pressure coefficients at the edges are hence showing a deviation.
Gable roof
The results of the pressure coefficients obtained in the present study for 10 o and 35 o roof slopes. The four faces of the structure are named as front wall, front roof, rear roof and rear wall. A graphical comparison has been done between the pressure coefficients on the edge of all these faces throughout its length.
In comparison between 10 o (Present study) and 15 o (Mathews) , the front wall and front roof pressure coefficients follow a similar pattern (Figures 9 , 10 ) with an average variation of 17% and 22% respectively which reduces towards the end of the face i.e. at the top of the front wall and at the ridge.
The pressure coefficients follow a similar trend at the rear roof (Figure 10 ) except at the start of the face i.e. at the top of the structure. The average deviation is 25%.
The rear wall values of pressure coefficients ( Figure 9 ) show an average variation of 15% which decreases gradually towards the end of the face i.e. at the bottom of the rear wall.
On comparing between 20 o (Present study) and 26 o (Mathews) , the pressure coefficients for the front wall ( Figure 11 ) follow a similar trend and the variation between the values reduces gradually with an average of 10%. The curves for the front roof ( Figure 12) show a large variation. The average variation is 35%. This high variation is due to difference in roof angles.
The pressure coefficients for the rear roof and rear wall (Figures 11, 12 Figure  13 ) follow the same trend. The average difference is found to be about 15%.
The pressure coefficient curves for the front roof and rear roof (Figure 14) for 30 o and 35 o gable structures show nearly similar shape with a constant difference in between except at the ridge region. The average variation is 35 % and 20% respectively for front and rear roof.
The values for the rear wall for 30 o and 35 o ( Figure 13 ) also show a similar trend. There is a small difference in between them which goes on decreasing along the face length and the curves intersect at the end i.e. at the bottom level of the rear wall. The average variation is 10%.
The Mathews et al. (1988) .
Conclusions
The results obtained by the present study shows that the 2-D simulation using k-ε model for TTU building agree fairly well (except at corner points) with the results of wind tunnel data whereas present study and Distance from eave to ridge (m) 
